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Studies of the temperature dependence of liposome fusion by Sendai virus indicate that fusion occurs maximally at 55°C.
The fusion capacity of the virus is also inactivated maximally by preincubation at this temperature and, under the same
conditions, the F glycoprotein becomes resistant to proteolysis. By analogy with the activation at elevated temperatures of
fusion by influenza virus our results suggest that temperature is also a variable in the activation of fusion by paramyxoviruses
and possibly in the activation of other members of the group of viruses that includes myxo-, paramyxo-, retro-, and filoviruses,
which all contain cleaved, trimeric fusion glycoproteins. © 2000 Academic Press
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FINTRODUCTION
Enveloped viruses enter cells by fusing their mem-
branes with cellular membranes. Following receptor
binding, viruses such as retroviruses and paramyxovi-
ruses fuse directly with cell surface membranes; others
such as influenza viruses are taken into endosomes
where fusion of viral and endosomal membranes occurs
(for reviews see Villar, 1999). For the latter type of viruses,
membrane fusion is activated at the low pH of endo-
somes, between pH 5 and pH 6, in a process that is
known in the case of influenza to involve extensive con-
formational changes in the fusion glycoprotein, hemag-
glutinin (Skehel et al., 1995). Activation of fusion at the
cell surface by the retroviruses HIV and ALSV involves
receptor and coreceptor binding, which also results in
changes in the structures of the envelope glycoproteins
(Jones et al., 1998; Berger, 1997; Hernandez et al., 1997).
There is also evidence that the receptor binding protein
is involved in the activation of fusion by paramyxovi-
ruses (Sergel et al., 1993; Hu et al., 1992) but for these
viruses receptor binding and membrane fusion are
properties of two distinct virus glycoproteins, HN and
F (Scheid and Choppin, 1973; Homma and Ohuchi,
1973; Lamb, 1993).
Whatever the requirements for activation, studies of
the structures of the fusion glycoproteins of influenza,
paramyxo-, filo-, and retroviruses indicate that they share
a number of features. All are members of a group of
trimeric glycoproteins in which the subunits are synthe-
sized as precursors that require cleavage into two
polypeptides to acquire membrane fusion potential. Sub-1 To whom correspondence and reprint requests should be ad-
ressed.
71sequent activation of these potentials causes changes in
structure that result in the formation of an a-helical tri-
eric coiled-coil with the membrane anchor and the
usion peptide adjacent to each other at one end (Skehel
nd Wiley, 2000). The HA2 polypeptide of influenza, ex-
pressed without the receptor binding polypeptide, HA1,
adopts this coiled-coil structure (Chen et al., 1995, 1999)
and equivalent regions of Ebola GP2, HIV gp41, SIV gp41,
HTLV-1, and MMLV and the parainfluenza virus SV5 F1
polypeptides have been shown to have similar structures
(Weissenhorn et al., 1996, 1997, 1998; Chan et al., 1997;
affrey et al., 1998; Yang et al., 1999; Baker et al., 1999;
ass et al., 1996; Kobe et al., 1999; Malashkevich et al.,
1999; Tan et al., 1997). Activation of fusion has, as a
consequence, generally been assumed to involve the
formation of structures similar to those determined for
the fusion pH conformation of HA2 (Bullough et al., 1994).
For influenza it has also been shown that activation of
membrane fusion in vitro is both pH- and temperature-
dependent; viruses that fuse membranes at 37°C and pH
5.6, for example, fuse at 62°C at pH 7.0 (Wharton et al.,
1986; Ruigrok et al., 1986; Carr et al., 1997). To obtain
information on the mechanism of activation and on the
structural consequences of activation for another mem-
ber of this group of fusion glycoproteins, we have exam-
ined the effects of temperature on the fusion activity of
the paramyxovirus, Sendai virus. We have observed that
fusion of Sendai virus with liposomes increases with
increasing temperature and is maximal at 55°C. Fusion
capacity is inactivated maximally at the same tempera-
ture. In addition, our results indicate that there are
changes in the susceptibility of the fusion glycoprotein to
proteolysis following incubation at the elevated temper-
ature of fusion, suggesting that fusion is accompanied by
changes in its conformation.
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iposome fusion by Sendai virus at 37°C
Liposome fusion by Sendai virus at 37°C increases
ith time of incubation as reported previously for fusion
y both virus (Hoekstra et al., 1985) and reconstituted
FIG. 1. (a) Fusion of Sendai virus with liposomes at 37°C. 300 mg o
containing gangliosides in PBS at 37°C. Fusion was monitored by an
fusion between fluorescently labeled liposomes and a fourfold excess
liposomes with and without gangliosides over the initial 1 h at 37°C; m
after preincubation of virus at 37°C. 300-mg aliquots of Sendai virus w
iposomes containing gangliosides was added and fusion was allowed
luorescence at 460 nm. The 100% value was the extent of fusion withirosomes (Citovsky et al., 1986). At the virus and lipo-
ome concentrations selected, fusion extends over 16 h
t
fFig. 1a). The kinetics of fusion were similar whether or
ot gangliosides were present in the liposomes. Incuba-
ion of fluorescent and nonfluorescent liposome mixtures
or 16 h at 37°C gave no increase in apparent fluores-
ence at 460 nm. Incubation of virus at 37°C before
dding liposomes inactivated fusion at a rate similar to
ai virus was incubated with 12.5 mg fluorescently labeled liposomes
se of fluorescence at 460 nm. The lower trace indicates the extent of
abeled liposomes in the absence of virus. The inset shows fusion of
ngliosides, upper line. (b) Inactivation of Sendai virus–liposome fusion
ubated at 37°C for the times shown. 12.5 mg of fluorescently labeled
ed for 16 h at 37°C. The extent of fusion was determined by measuring
incubation at 37°C.f Send
increa
of unl
inus ga
ere inchat at which fusion occurred (Fig. 1b), suggesting that
usion was accompanied by irreversible inactivation of
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73TEMPERATURE DEPENDENCE OF FUSION BY SENDAI VIRUSthe glycoproteins involved. Neither the hemagglutination
nor the neuraminidase activities of the virus were inac-
tivated under these conditions.
Liposome fusion by Sendai virus as a function of
temperature
To assess the possibility that membrane fusion by
Sendai virus can occur optimally at a specific tempera-
ture, we determined the extent of fusion between virus
and liposomes at temperatures between 20 and 70°C.
The results shown in Fig. 2a indicate that fusion was
maximal at 55°C. Incubation of mixtures of Sendai virus
and human erythrocytes at a range of temperatures also
indicated that hemolysis occurred maximally at 55°C.
Virus–liposome fusion was independent of the presence
of ganglioside receptors in the liposomes (Fig. 2a) but
removal of receptor sialic acid by neuraminidase treat-
ment of erythrocytes prevented virus-mediated hemoly-
sis. The extent of fusion after 16 h at 37°C was about two
and a half times that at 50°C for 15 min. Compared with
FIG. 2. (a) Temperature dependence of Sendai virus–liposome fusion
emperature was increased by 5°C per minute and the extent of fusio
F) Fusion with liposomes containing 1 mol % gangliosides to serve a
endai virus–liposome fusion or Sendai virus-mediated hemolysis afte
irus were incubated for 5 min at the temperatures shown. 12.5 mg lipo
measured after 5 h of incubation at 37°C. 100% fusion was taken as the
f preincubated virus was added to 1 ml of 1% (v/v) human erythrocyt
E) Hemolysis.infinite dilution measurements made in the presence of
0.5% Brij 36T, about 30% of maximum fusion was re-corded at 37°C after 16 h. This is a similar value to the
extent of fusion recorded for influenza after much shorter
incubations (10 min) at fusion pH at equivalent virus–
liposome ratios. At 70°C at pH 7.0 the extent of fusion by
influenza also decreased about threefold compared with
fusion at pH 5.1 and 37°C. The lower rate of fusion by
Sendai at 37°C and pH 7.0 by comparison with influenza
at 37°C and pH 5.0 has been noted previously (White,
1990).
Inactivation of membrane fusion as a function of
temperature
Incubation of Sendai virus at 50°C before addition of
erythrocytes or liposomes prevented hemolysis and lipo-
some fusion. Estimation of the extent of inactivation as a
function of temperature indicated that maximum fusion
and maximum inactivation occurred at the same temper-
ature (Fig. 2b). As determined by EM, viruses remained
as discrete particles under these conditions. We also
investigated the effects of elevated temperatures on the
g of Sendai virus was added to 12.5 mg liposomes in PBS at 20°C. The
monitored at 2°C intervals by measuring the fluorescence at 460 nm.
ptors. (E) Fusion with liposomes lacking receptors. (b) Inactivation of
cubation of virus at different temperatures. 300-mg aliquots of Sendai
containing gangliosides was then added and the extent of fusion was
of fusion without preincubation. For the hemolysis experiments 20 mg
hemolysis was measured after 30 min at 37°C. (F) Liposome fusion.. 300 m
n was
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somes
extenthemagglutination and neuraminidase activities of the
virus. As shown in Table 1, both activities were lost at
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74 WHARTON, SKEHEL, AND WILEYtemperatures above 55°C. Inactivation of fusion by Sen-
dai virus following incubation at 70°C has been reported
(Citovsky et al., 1986) and irreversible thermal denatur-
tion of Newcastle disease virus F and HN has been
hown to occur at 50 and 60°C, respectively (Shnyrov et
al., 1997).
roteolytic susceptibility of Sendai virus glycoproteins
s a function of temperature
CD analyses have shown that Sendai F in virosomes is
nchanged spectroscopically on incubation between 4
nd 80°C (Barnes, 1989). To determine whether the F
nd HN glycoproteins changed at elevated temperature
e assessed their susceptibilities to proteolysis as a
unction of temperature. Viruses were preincubated at
emperatures between 20 and 70°C for 5 min and the
roducts of digestion of the F glycoprotein by proteinase
at 25°C were detected by immunoblotting with an
nti-F monoclonal antibody; digestion of the HN glyco-
rotein by chymotrypsin at 25°C was monitored by stain-
ng polyacrylamide gels on which the products had been
eparated. The results in Fig. 3 indicate that F is sus-
eptible to digestion following preincubation at temper-
tures below 60°C, yielding products between 30 and 40
Da in molecular mass. This result is consistent with the
eport that fusion by Sendai virus is prevented by tryptic
igestion at 37°C (Citovsky et al., 1986). Incubation of
virus above 50°C, however, yielded protease K-resistant
F, indicating that a change in the structure of F occurred
at the temperature of fusion. By contrast the HN glyco-
protein was resistant to chymotrypsin after preincubation
below 50°C and became susceptible to digestion above
45°C (Fig. 4). Determination of the time course on which
TABLE 1
The Effects of Temperature on Hemagglutination and
Neuraminidase Activities
Temperature
(°C)
Hemagglutination
activity
Neuraminidase
activity
20 4096 32
30 2048 32
35 4096 32
40 4096 32
45 4096 32
50 256 8
55 , ,
60 , ,
65 , ,
70 , ,
80 , ,
90 , ,
Note. , denotes ,4. The values given are the reciprocals of the
dilution of virus at which HA or NA activities were half maximal.the glycoproteins change their susceptibilities to prote-
olysis at 37°C indicated that fusion activity, fusion inac-tivation (Figs. 1a and 1b), and changes in the suscepti-
bility of F to digestion covaried with time (Fig. 5a). Similar
observations were made at 50°C (Figs. 5b, 6a, and 6b).
The HN glycoprotein, on the other hand, remained resis-
tant to chymotrypsin at 37°C irrespective of the extent of
fusion (Fig. 7a) and became susceptible after 1 min of
incubation at 50°C (Fig. 7b).
DISCUSSION
The mechanism of activation of fusion by paramyxovi-
ruses is unknown. That the F glycoprotein is essential for
fusion activity is concluded from the requirement for F0
cleavage (Homma and Ohuchi, 1973; Scheid and Chop-
pin, 1974), from the fusion activity of SV5 and Sendai F
glycoproteins reconstituted in virosomes, and from stud-
ies of the fusion of F-expressing cells (Paterson et al.,
1985). Other studies indicate that coexpression of homol-
FIG. 3. Temperature dependence of the proteolytic sensitivity of
Sendai virus F glycoprotein. Sendai virus was incubated at the tem-
peratures shown for 5 min. Proteinase K was added (virus protein:
enzyme protein ratio of 2:1) and the mixture was incubated at 25°C for
90 min. The reaction was stopped by adding 5 mM PMSF. SDS disso-
ciated polypeptides were separated by electrophoresis on a 12% poly-
acrylamide gel under reducing conditions. The F glycoprotein and
proteolytic fragments were visualized by immunoblotting using an an-
ti-F monoclonal antibody and the ECL detection system.
FIG. 4. Temperature dependence of the proteolytic sensitivity of
Sendai virus HN glycoprotein. Sendai virus was incubated for 5 min at
the temperatures shown. Chymotrypsin was added (virus protein:en-
zyme protein ratio of 20:1) and the mixture was incubated at 25°C for
60 min. The reaction was stopped by adding a proteinase inhibitor
cocktail. The dissociated polypeptides were separated on a 12% poly-
acrylamide gel under reducing conditions. Proteins were detected by
Coomassie staining. The positions of the HN and F1 glycoproteins are
indicated.
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75TEMPERATURE DEPENDENCE OF FUSION BY SENDAI VIRUSogous HN and F is required for fusion in the cases of the
glycoproteins from some paramyxoviruses (Hu et al.,
992). Similarly there are virosome fusion experiments
ith Sendai F and HN that indicate a requirement for
oth HN and F under conditions where HN is not in-
olved in receptor binding (Citovsky et al., 1986). Evi-
ence that HN and F may interact in some way to
ctivate fusion has also been obtained (Stone-Huls-
ander and Morrison, 1999). The experiments with Sendai
irus reported here do not address these possibilities
or do they add to the evidence for the involvement of
N in fusion, apart from confirming that while receptor
inding is necessary for hemolysis it is not required for
iposome fusion. Proteolysis experiments indicating that
becomes resistant to proteinase K following incubation
t the elevated temperature of fusion also show that at
0°C HN becomes susceptible to chymotryptic diges-
ion. Fusion also occurs at 37°C, albeit at a lower rate,
nd the structure of F is again simultaneously changed.
owever, neither hemagglutination nor neuraminidase
ctivities are lost under these conditions nor does HN
ecome susceptible to chymotrypsin. Consequently, if
N is involved in activating fusion at 37°C, then its role
oes not appear to result in changes in its structure, and
y the same token, the structural changes in HN that
ccur at 50°C may not be related to fusion activation.
These experiments were prompted by our previous
tudies of the activation of fusion by influenza HA at
levated temperatures (Wharton et al., 1986; Ruigrok et
FIG. 5. Proteolytic sensitivity of Sendai virus F glycoproteins follow-
ng incubation at 37 or 50°C. Sendai virus was incubated at 37 (a) or
0°C (b) for the times shown, between 30 min and 72 h at 37°C and
etween 10 s and 15 min at 50°C. Proteinase K digestion and F protein
etection were as described in the legend to Fig. 3.l., 1986), recently confirmed (Carr et al., 1997), which
indicated that pH and temperature of fusion covaried;low pH and elevated temperature could be used inter-
changeably as triggers of fusion. Our current experi-
ments suggest that temperature is also a variable in the
activation of fusion by paramyxoviruses and that for Sen-
dai virus a temperature of 55°C is most effective. It is
possible that an unknown component of the fusion pro-
cess, other than activation, is particularly temperature-
dependent and that the increased rate of fusion at ele-
vated temperature simply reflects its increased activity.
However, our findings that changes in the structure of F
occur at 55°C, the temperature of maximal fusion, and
that F is inactivated irreversibly at this temperature are
reminiscent of observations made for the temperature
dependence of fusion activation by influenza HA. We
therefore favor the interpretation that elevated tempera-
ture is an analogous activator of Sendai F. For influenza,
the conclusion that low pH and elevated temperature
could be interchangeable triggers of fusion was partic-
ularly convincingly demonstrated for HA mutants that
fuse membranes at different pH (Ruigrok et al., 1986).
Perhaps in a similar way, different paramyxoviruses may
be activated at different temperatures. They may, as a
consequence, be more or less dependent in vivo and in
vitro on other components of activation such as interac-
tion with HN, as appears to be the case, for example,
when parainfluenza viruses and SV5 are compared (re-
viewed in Lamb, 1993).
We selected Sendai as a representative paramyxovi-
rus from a group of viruses that includes influenza,
paramyxo-, retro-, and filoviruses, which, as noted in the
Introduction, have fusion glycoproteins with similar prop-
erties. A common suggestion made for each member of
the group (e.g., Weissenhorn et al., 1998) is that activa-
tion of fusion involves conversion of the fusion glyco-
protein from a metastable intermediate structure, gener-
ated by precursor cleavage, into a stable form in which a
trimeric a-helical coiled-coil core is surrounded by anti-
parallel chains, resulting in colocalization of the N- and
C-termini of each hairpin-like subunit at one end of the
trimer. From our results with influenza and now with
Sendai, activation at elevated temperature may be a
general in vitro substitute for the different in vivo triggers
employed by the different viruses of the group, and ac-
tivation of fusion in this way may be a useful procedure
for further studies of the changes in fusion glycoprotein
structure required for fusion.
In another context there have been suggestions re-
cently that HIV gp120-gp41 activated in infected cells as
a result of interaction with CD4 and coreceptors may be
a useful candidate vaccine (LaCasse et al., 1999). If heat
activation is a common property of this group of virus
fusion proteins, incubation of the virus or purified glyco-
proteins at elevated temperatures could be a convenient
way of achieving similar changes in immunogenicity.
n of viru
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Materials
Chymotrypsin (sequencing grade), proteinase K, and
complete protease inhibitor cocktail were from Roche
Diagnostics Ltd. N-4-nitrobenzo-2-oxa-1,2-diazole phos-
phatidylethanolamine (NBD-PE) and cholesteryl anthra-
cine-9-carboxylate (CAC) were from Molecular Probes
Inc. The ECL Western blot detection system was from
Amersham Pharmacia Biotech. All other chemicals were
from Sigma Aldrich Co. Ltd. or Merck Ltd.
Methods
Growth and purification of Sendai virus. Sendai virus
was grown at 33°C for 48 h in the allantoic cavity of
10-day-old embryonated hens’ eggs. Allantoic fluid was
harvested, erythrocytes were removed by centrifugation
at 2000 g for 15 min, and virus was pelleted at 40,000 g
for 3 h. Virus was purified on a continuous 15–45%
sucrose density gradient, which was centrifuged at
80,000 g for 40 min.
Liposome fusion assay. Fusion assays were done as
described in Wharton et al. (1986) using a resonance
FIG. 6. (a) Fusion of Sendai virus with liposomes at 50°C. 300 mg
containing gangliosides in PBS at 50°C. Fusion was continuously mon
The lower trace indicates fusion between fluorescently labeled liposom
virus. (b) Inactivation of Sendai virus–liposome fusion after preincubatio
that the preincubation was at 50°C.energy transfer assay with CAC as donor fluorophore
and NBD-PE as acceptor. Small unilamellar liposomeswere made with a lipid mix composed of phosphatidyl-
choline, sphingomyelin, phosphatidylethanolamine,
phosphatidylserine, phosphatidylinositol, and choles-
terol at molar rations of 10:3:3:1:0.5:14 and 2 mol % of the
fluorophores. Where appropriate, gangliosides (Type III
from bovine brain, Sigma) were added at 1 mol %. Fusion
kinetics were monitored by an increase in donor fluoro-
phore fluorescence at 460 nm. The extent of fusion was
determined by the change in ratio of fluorescences of
donor and acceptor lipids. All fusion assays were done in
phosphate-buffered saline, pH 7.2.
Hemolysis assays. Sendai virus was incubated at
37°C for 30 min with human washed erythrocytes (1%
hematocrit in phosphate-buffered saline, pH 7.2). Hemo-
lysis was measured by determining the optical density at
520 nm of the cell supernatant.
Neuraminidase activity. Neuraminidase activity was
determined as in Aymard-Henry et al. (1973).
Proteolysis assays. Virus was incubated with protein-
ase K (2:1, w/w) or chymotrypsin (20:1, w/w) at 25°C in
phosphate-buffered saline, pH 7.2. Reactions were
stopped by adding 5 mM PMSF or protease inhibitor
cocktail, respectively. Proteins were separated by SDS–
ai virus was incubated with 12.5 mg fluorescently labeled liposomes
y increase of fluorescence at 460 nm; minus gangliosides, lower line.
d a fourfold excess of unlabeled liposomes at 50°C in the absence of
s at 50°C. Experimental conditions were the same as in Fig. 1b exceptof Send
itored b
es anpolyacrylamide gel electrophoresis under reducing con-
ditions. HN glycoprotein was detected by Coomassie
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77TEMPERATURE DEPENDENCE OF FUSION BY SENDAI VIRUSblue staining. F glycoprotein was detected by immuno-
blotting using an anti-F monoclonal antibody, protein
A–horseradish peroxidase conjugate, and the ECL de-
tection system.
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